In this study, an attempt was made to elucidate the effects of thymol, a monocyclic phenolic compound, on Ca 2+ mobilization and ion currents in pituitary GH 3 cells with the aid of fura-2 fluorimetry and the whole-cell voltage-clamp technique. Thymol increased intracellular Ca 2+ concentrations ([Ca 2+ ] i ) in GH 3 cells loaded with Ca 2+ -sensitive dye fura-2. Removing extracellular Ca 2+ reduced the thymol-induced [Ca 2+ ] i rise. In Ca 2+ -free solution, thymol-evoked [Ca 2+ ] i rise was unchanged by depleting the Ca 2+ store with thapsigargin (1 μM), while the thapsigargin-induced [Ca 2+ ] i rise was reduced by pretreatment with thymol. These results imply that the Ca 2+ stores depleted by thymol comprise thapsigargin-sensitive and thapsigargin-insensitive pools. In addition, after depletion of the internal Ca 2+ store with 100 μM thymol in Ca 2+ -free solution , a subsequent application of Ca 2+ greatly induced a [Ca 2+ ] i increase. The results indicate that, similar to thapsigargin, 100 μM thymol may activate the capacitative calcium entry (CCE) channel. However, thymol (100 μM ) had a slight depressant action in L-type calcium current (I CaL ) . The stimulatory actions of thymol on Ca 2+ signaling may partly be responsible for the underlying cellular mechanisms through which it affects neuroendocrine functions.
The cytosolic free calcium concentration ([Ca 2+ ] i ) is crucial for the control and regulation of many cell functions. [Ca 2+ ] i elevations during cellular activation may arise from Ca 2+ release from intracellular stores and Ca 2+ influx across the plasma membrane. The depletion of intracellular stores of Ca 2+ may result in the opening of Ca 2+ channels in the plasma membranes of cells [1] . Because Ca 2+ entry replenishes Ca 2+ stores that act like capacitors, it has been called capacitative Ca 2+ entry (CCE) [2] . Hoth and Penner recorded the finding that the depletion of internal stores can activate Ca 2+ influx through a set of channels which have been referred to as Ca 2+ release-activated Ca 2+ current [3] . Such a channel has been referred to as capacitative calcium entry (CCE) or a store-operated calcium (SOC) channel. Such channels are activated after treatment of cells with the Ca 2+ -ATPase inhibitor, thapsigargin, which blocks reuptake of calcium into storage sites [4, 5] . Thymol, a constituent of thyme essential oil, has been used as a general antiseptic or antimicrobial, with an aromatic odor, in mouthwashes, primarily in dentistry for treatment of oral infections [6, 7] . It is also added as a stabilizer to several therapeutic agents, including halothane, and the drug was shown to accumulate in the vaporizer during anesthesia. It was reported that the adverse effects caused by massive mouthwash ingestion could be related to the effect of thymol, a nonalcoholic ingredient [8] . Excessive entry of Ca 2+ into a cell may damage it or even cause it to undergo apoptosis or death by necrosis [9] . GH 3 cells, which secrete prolactin and growth hormone, have been widely used in electrophysiology and pharmacological research for a variety of research purposes [10] . Electrophysiological studies have shown that this cell line expresses voltage-gated Ca 2+ channels [11] . Therefore, we sought to examine the effect of thymol upon I Ca,L and Ca 2+ mobilization within GH 3 cells. Figure 1A shows that in normal Tyrode's solution containing 1.8 mM CaCl 2 , thymol induced an abrupt rise in [Ca 2+ ] i followed by a gradual decay. Thymol, Effects of thapsigargin and thymol on capacitative Ca 2+ entry (CCE). A, Ca 2+ influx was induced by addition of CaCl 2 (5 mM) in Ca 2+free medium. Ca 2+ entry was greatly induced, when internal Ca 2+ stores in Ca 2+ -free medium was depleted by pretreatment with thapsigargin (1 μM; TG) (B) or with thymol (100 μM) (C) and 5 mM CaCl 2 was subsequently applied. Traces are typical of four to six experiments. at concentrations of 30 and 100 μM, significantly increased the peak [Ca 2+ ] i to 345 ± 23 nM (n = 4) and 438 ± 29 nM (n = 5), respectively, from a control of 188 ± 15 nM (n = 5). When external Ca 2+ was removed, the thymol-induced rise in [Ca 2+ ] i was reduced. In the continued presence of thymol (100 μM), a subsequent application of thapsigargin (1 μM), an inhibitor of Ca 2+ -ATPase in the endoplasmic reticulum [5] , produced a small increase in [Ca 2+ ] i ( Figure 1B ). In the absence of external Ca 2+ , thapsigargin (1 μM) could induce a large [Ca 2+ ] i rise. However, subsequent addition of 100 μM thymol still increased [Ca 2+ ] i after pretreatment of cells with thapsigargin ( Figure 1C ). These results imply that the Ca 2+ stores depleted by thymol comprise thapsigarginsensitive and thapsigargin-insensitive pools.
Effect of thymol on basal [Ca 2+ ] i in GH 3 cells:

Effect of thymol on capacitative Ca 2+ entry (CCE) into GH 3 cells:
Previous studies have demonstrated that thapsigargin could activate CCE, which is a Ca 2+ entry process induced by depletion of internal Ca 2+ stores [4] . In this study, CCE was induced by first depleting Ca 2+ stores with either thapsigargin or thymol in Ca 2+ -free solution, followed by addition of 5 mM Ca 2+ .
As shown in Figure 2 , in the pretreatment of cells with either thapsigargin (1 μM) or thymol (100 μM), the [Ca 2+ ] i rise was significantly enhanced as compared with control. Upon addition of CaCl 2 , the CCE induced by thymol was significantly greater than control both in the peak value and the area under the curve. Such data indicated that, similar to thapsigargin, thymol could increase Ca 2+ influx via CCE in GH 3 cells.
Effect of thymol on I Ca,L in pituitary GH 3 cells:
A previous report demonstrated that thymol-induced shortening of action potential duration could be associated with its blockade of the Ca 2+ channel in cardiac myocytes [12] . For these reasons, we further investigated whether thymol exerted any effect on I Ca,L present in GH 3 cells [13] . The recording electrodes used in these experiments were filled with a Cs + -containing solution. Thymol (30 μM) had little or no effect on the amplitude of I Ca,L (data not shown). However, at a concentration of 100 μM, it produced a slight reduction in I Ca,L with no modification in the current-voltage I-V relationship of I Ca,L (Figure 3 ). When cells were depolarized from -50 to 0 mV, thymol (100 μM) reduced the peak amplitude of I Ca,L from 101 ± 10 to 76 ± 11 pA (n =7).
There are several lines of evidence to show that thymol can regulate receptors and/or ion channels. Previous reports have demonstrated that it could increase intracellular Ca 2+ concentration ([Ca 2+ ] i ) released from intracellular Ca 2+ stores in different cells [14, 15] . Recent studies also revealed that thymol stimulated Ca 2+ -activated K + current and increased the activity of large-conductance Ca 2+activated K + channels [16] . However, this compound was found to suppress membrane currents through ion channels, such as voltage-dependent Na + , K + and Ca 2+ currents in neurons and muscle cells [12, 17, 18] . In this study, the effects of thymol on Ca 2+ signaling were investigated in pituitary GH 3 cells. We found that thymol induced a [Ca 2+ ] i rise by triggering both external Ca 2+ influx and internal Ca 2+ release, since removal of external Ca 2+ only partly inhibited the [Ca 2+ ] i rise. In addition, we also found that the internal Ca 2+ source for the thymol-induced [Ca 2+ ] i rise was the endoplasmic reticulum, since after depletion of this store by thymol in Ca 2+ -free medium, thapsigargin slightly increased [Ca 2+ ] I levels. After depletion of the internal Ca 2+ store with 100 μM thymol, a subsequent application of Ca 2+ greatly induced a [Ca 2+ ] i increase. The results indicate that, similar to thapsigargin, 100 μM thymol may activate CCE. This study also demonstrated that there was an increase in Ca 2+ influx into the cytoplasm in the presence of thymol. Such an increase was thought to be through CCE because of the inability of thymol to increase I Ca,L . It is unlikely that the thymol-evoked increase in [Ca 2+ ] i is dependent on the increased availability of [Ca 2+ ] i primarily resulting from the increased influx through L-type voltage-gated Ca 2+ channels.
In conclusion, we found that thymol elevated [Ca 2+ ] i by activating CCE and depleting intracellular Ca 2+ stores with thapsigargin-sensitive and thapsigargininsensitive pools. Voltage-Ca 2+ channels might not be directly involved in the influx of Ca 2+ when cells are exposed to thymol. The concentration of thymol may reach a certain level to affect cellular functions, as described here, given the ability of thymol to accumulate in the vaporizer in the case of improper use. It highlights that the adverse or antiseptic effects related to massive mouthwash ingestion could be partly explained by the stimulatory actions of thymol on Ca 2+ movement
Experimental
Thapsigargin was purchased from Biomol (Plymouth Meeting, PA), thymol from Sigma-Aldrich (St. Louis, MO), and fura-2 acetoxymethyl ester (fura-2/AM) from Molecular Probes (Eugene, OR). The clonal strain cell line GH 3 , derived from a rat anterior pituitary adenoma, was obtained from the Culture Collection and Research Center (CCRC-60015, Hsinchu, Taiwan).
Optical measurements of [Ca 2+ ] i fluorimetry:
Cells were cultured, as described previously [10] . Loading with 2 μM fura-2/AM was performed on trypsinized (10 6 /mL) cells for 30 min at 25°C in normal Tyrode's solution containing 1.8 mM CaCl 2 . Cells were washed and resuspended in normal buffer and then washed again before each experiment to avoid contamination with extracellular dye.
Fura-2 fluorescence measurements were performed, with continuous stirring, in a water-jacketed cuvette (25°C), which normally contained 1 mL of buffer and 0.5 million cells.
Fluorescence intensity was monitored by collecting excitation signals at 340 and 380 nm and an emission signal at 510 nm at 1-sec intervals, with the aid of a Hitachi F-2500 spectrofluorophotometer controlled by FL Solutions software (Tokyo, Japan). Maximum and minimum fluorescences were obtained by adding Triton-100 (0.1%) and EGTA (20 mM) sequentially at the end of the experiments. The ratio of excitation signals at 340 and 380 nm was used to calculate [Ca 2+ ] i , as described previously, assuming a dissociation constant of 155 nM [4, 19] .
Electrophysiological measurements: GH 3 cells were dissociated and an aliquot of cell suspension was transferred to a recording chamber positioned on the stage of a DM-IL inverted microscope (Leica, Wetzlar, Germany) and bathed at room temperature (20-25°C) in normal Tyrode's solution.
The recording pipettes were pulled on a PP-830 puller (Narishige, Tokyo, Japan) from Kimax-51 glass capillaries (Kimble Glass, Vineland, NJ), and the tips were fire-polished with an MF-83 microforge (Narishige). The resistance of the pipette was 3-5 MΩ when immersed in normal Tyrode's solution. Thymol was applied by adding it to the bath to obtain the final concentration indicated. Ion currents were measured in the whole-cell configuration of the patch-clamp technique using an RK-400 patch-clamp amplifier (Bio-Logic, Claix, France) [10, 20] . The signals were displayed on a HM-507 oscilloscope (Hameg, East Meadow, NY) and on a PJ550-2 liquid crystal projector (ViewSonic, Walnut, CA). The averaged results are presented as the mean values ± SEM. The paired Student's t-test was used for the statistical analyses. To further clarify the statistical difference among the two or four treatment groups, analyses of variance with Duncan's multiple-range test for multiple comparisons were also performed. Differences between values were considered significant when P < 0.05.
